Exposure to environmental and lifestyle factors, such as cigarette smoking, affect the epigenome and might mediate risk for diseases and cancers. We have performed a genome-wide DNA methylation study to determine the effect of smoke and snuff (smokeless tobacco) on DNA methylation. A total of 95 sites were differentially methylated [false discovery rate (FDR) q-values < 0.05] in smokers and a subset of the differentially methylated loci were also differentially expressed in smokers. We found no sites, neither any biological functions nor molecular processes enriched for smoke-less tobacco-related differential DNA methylation. This suggests that methylation changes are not caused by the basic components of the tobacco but from its burnt products. Instead, we see a clear enrichment (FDR q-value < 0.05) for genes, including CPOX, CDKN1A and PTK2, involved in response to arsenic-containing substance, which agrees with smoke containing small amounts of arsenic. A large number of biological functions and molecular processes with links to disease conditions are also enriched (FDR q-value < 0.05) for smoke-related DNA methylation changes. These include 'insulin receptor binding', and 'negative regulation of glucose import' which are associated with diabetes, 'positive regulation of interleukin-6-mediated signaling pathway', 'regulation of T-helper 2 cell differentiation', 'positive regulation of interleukin-13 production' which are associated with the immune system and 'sertoli cell fate commitment' which is important for male fertility. Since type 2 diabetes, repressed immune system and infertility have previously been associated with smoking, our results suggest that this might be mediated by DNA methylation changes.
INTRODUCTION
Environmental and lifestyle factors, such as smoking, have been shown to influence the epigenome, which might affect the response to diseases and medications (1) . Smoking has generally posed as a risk factor for diseases and different forms of cancers affecting many different tissue types (2) (3) (4) . Recent studies have shown that smoking can influence the transcriptome (5) and alters the DNA methylation pattern (6) (7) (8) . Differential methylation is also seen in newborn due to maternal smoking during pregnancy (9) . Dysregulated gene expression might mediate health consequences associated with smoking (5) . DNA methylation influence gene expression by affecting factor binding and chromatin structure (10) . Therefore, understanding the methylome disparity between smokers and non-smokers can give us an inside into the molecular mechanisms behind the development of diseases where smoking is an etiologic agent.
The introduction of the high-throughput methods for measuring DNA methylation (11) allows for large-scale epigenetic studies by being cost effective, increasing quantification precision (12, 13) . The Illumina Infinium HumanMethylation450K BeadChip (11) interrogates more than 470 000 CpG sites, covering about 96% of CpG islands (CGIs), 99% of the RefSeq genes including promoter regions, 5 ′ UTRs, gene bodies and 3 ′ UTRs, as well as intergenic regions. Our study aims to investigate the effect of smoke on DNA methylation and subsequently gene expression at a genomewide level. We also investigate the effect of snuff (a powdered tobacco available in small bags placed in between the cheek and gum) on DNA methylation pattern, aiming to determine whether the smoking-related methylation change and associated pathologies are caused by the basic components of the tobacco or from its burnt products produced during the smoking process.
RESULTS
The DNA methylation status was measured in a total of 432 samples. The average methylation level per sample (excluding * To whom correspondence should be addressed at: Department of Immunology, Genetics and Pathology, Rudbecklaboratoriet, 751 85 Uppsala, Sweden. Tel: +46 702513132; Email: asa.johansson@igp.uu.se positive and negative controls) was 0.524 (ranging from 0.510 to 0.538). The average methylation levels for the two negative controls were 0.277 and 0.299 and for the positive controls 0.913 and 0.915. The average (across all sites) difference in methylation between two individuals was 0.0374 (ranging from 0.0137 to 0.6376). The lowest average pairwise difference between samples was seen for the positive controls (average difference ¼ 0.0137) followed by the sample duplicates (average difference ¼ 0.0146 and 0.0169), and then the pairwise individual duplicates sampled with 3 years in between (0.0177 and 0.0181), which indicated a good reproducibility of the experiment. The negative controls were not as similar with an average difference of 0.0352. After removing all controls and individuals with missing smoking and snuffing information, a total of 421 individuals remained for the analyses. Of these, 43 (10.2%) were current smokers and 74 (17.6%) current snuffers. The fraction of smokers was similar between sexes (9.9% for females and 10.6% for males, P-value ¼ 0.07). However, snuffing was more common among males (32.8 compared with 4.0%, P-value ¼ 5.2 × 10
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). There was no difference in age distribution between males and female, or between smokers and non-smokers (Table 1) . However, snuffers had lower age compared with nonsnuffers (P-value ¼ 0.0079). Cell composition (first-third quartiles) in the samples was estimated to 7.9% CD8 T-cells (4.6-10.3), 14.2% CD4 T-cells (10.7-17.1), 8.5% NK-cells (4.1-12.0), 5.3% B-cells (3.1-7.0), 8.5% monocytes (6.9-10.0%) and 56.0% granulocytes (50.6-62.1%).
DNA methylation in relation to smoking and snuffing
A total of 476 366 sites passed the quality control (QC) of which 95 sites (Table 2 and Supplementary Material, Table S1 ) in 66 chromosomal regions were associated with smoking status [false discovery rate (FDR) q-value , 0.05]. Out of these regions, 55 could be mapped directly to a RefSeq gene. A majority of the sites (60%) overlapped with top sites in the study by Zeilinger et al. (7) , and the effect of smoking was in the same direction for all these sites (Supplementary Material, Table S1 ), with all but three sites being hypomethylated. While both significant sites in the MYO1G are located close to the transcriptionstarting site (TSS) and are hypermethylated, one of the CNTNAP2 sites is located close to the TSS and hypomethylated, whereas the other is located more than 1 MB downstream and is hypermethylated. Most sites appear to have a dose-dependent effect (Fig. 1) . The gene with largest number of differentially methylated sites is AHRR. All nine significant sites cluster in the third and fourth introns of the AHRR gene (Supplementary Material, Fig. S1 ), and most of them are located in predicted enhancer regions in GM12878 (B-lymphocyte, lymphoblastoid) cells. The AHRR gene has previously been shown to be differentially methylated in smokers (7 -9,14-16) , and the most significant site (cg05575921, P-value ¼ 7.19 × 10 270 ) in our study was also found to be the most significant in previous studies (7, 9, 16) . There was also a cluster of seven significant sites at locus 2q37.1 (Supplementary Material, Fig. S2 ) and a cluster of four significant sites located at locus 6p21.33 ( Supplementary  Material, Fig. S3 ). Even though the makers at the 2q37.1 and 6p21.33 locus are not directly located adjacent to a gene, they are located in regions occupied by transcription factor binding and regions that have been predicted to be regulatory (enhancer versus poised promoter). Another site (cg04885881) was found to be located at a none-coding DNA region in the genome sequence, which is 3000 bp upstream the SRM gene and 3500 bp downstream the EXOSC10 gene. The region is predicted to be a strong enhancer region in GM12878 cells, which may indicate a possible enhancing function of this region to either the SRM gene or the EXOSC10 gene. For most other regions, the most significant sites also appeared to be located in putative regulatory regions. For examples, the sites cg25013095, cg19859270, cg00297362, cg00310412 and cg19572487 were found to be located in the promoter regions of the GPRSS, GPR15, FAM98B, SEMA7A and RARA, respectively, while the site cg02657160 was found to be located in a predicted poised promoter region in the CPOX.
For all the 476 366 sites tested for DNA methylation status in relation to snuff use, none of the site met the threshold for significance (FDR q-value , 0.05), with the site cg17757848 having the lowest nominal P-value of 9.92 × 10 207 . Neither, any of the smoke-associated differentially methylated sites were significantly associated with snuffing ( Table 2 , Supplementary Material, Table S1 ). Adjusting the analyses for variation in cell composition (fraction of CD8 T-cells, CD4 T-cells, NK-cells, B-cells, monocytes and granulocytes) did not change the results markedly (Supplementary Material, Table S2 ). However, for 15 of the 95 smoke-associated sites, the cell-adjusted P-value did not meet the threshold for significance (FDR q-value , 0.05).
Gene expression analysis
Using a FDR q-value of 0.05 as the threshold resulted in 95 sites being differentially methylated between smokers and nonsmokers. These 95 DNA methylation sites mapped to 55 genes. In the transcription data set, 56 transcription probes of which 34 had passed the QC were mapped to the same set of genes (Table 3) . A total of seven probes, representing six Table S4 ) were identified (FDR q-value , 0.05). Among the most enriched processes, we found 'positive regulation of interleukin-6-mediated signaling pathway' with an enrichment of 5753.00 (one out of three genes in this GO were differentially methylated), but we also find other immune response-related processes among the most enriched processes including 'regulation of T-helper 2 cell differentiation' and 'positive regulation of interleukin-13 production'. Other processes of interest among the most enriched are 'response to arsenic-containing substance', 'Sertoli cell fate commitment', 'cell aging' and 'negative regulation of glucose import'.
DISCUSSION
A better understanding of the methylation changes that arise from smoking and subsequent gene expression changes could result in early therapeutic interventions and follow-up of related pathologies. Many studies have shown that smoking is associated with a differed DNA methylation, with some studies being able to demonstrate that the differed methylation The table shows the effect of smoking on DNA methylation and associated P-value, and the P-value for sites being differentially methylated in individuals using snuff in our study. The table also shows the P-values and the effect for the sites that replicated in the study by Zeilinger et al. is accompanied by change in gene expression (14) . In this study, we successfully identified 95 DNA methylation sites that were significantly differentially methylated due to smoking. We were able to replicate most of the significant sites using the study by Zeilinger et al. (7) . These replicated sites showed the same direction of methylation change with smoking in both studies, increasing the power of our findings. The study by Zeilinger et al. (7) is the largest study so far that has utilized the Illumina 450K BeadChip to investigate DNA methylation due to smoking. Their study had a larger sample size than our study, but not all of their significant sites overlapped with ours. We therefore identified novel sites to be differentially methylated in smokers. The novel sites identified can either be false positives or just above the threshold of significance in previous studies. The latter is probably the fact for at least some of the sites. For example in GPR55, and AHRR, that have been identified preciously, we identified novel sites to be differentially methylated.
In addition, three of the sites that did not replicate in the data by Zeilinger et al. (7) overlapped with the study by Shenker et al. (8) . We also saw an overlap with studies using other tissues to estimate the effect of smoking on DNA methylation. Nine of our sites, located in four different genes (AHRR, GFI1, MYO1G and CNTNAP2), overlapped with sites being differentially expressed in newborn cord blood due to maternal smoking (9). Among our significant sites, seven are located at the 2q37.1 locus, which has previously been shown to be associated with breast cancer risk (8) . This supports the hypothesis that cigarette smoking may be a breast cancer risk factor (17) , possibly mediated by changes in DNA methylation. The sites at the 2q37.1 locus are located in a region predicted to be poised promoter, which is occupied by a number of transcription factors. This region is located close to a cluster of alkaline phosphatase genes (ALPPL2, APLP and ALPI), of which at least ALPPL2 has been associated with cancer (pancreatic carcinoma) in a recent study (18) . Similarly CNTNAP2, one of the genes for which sites became hypermethylated in smokers, has also been shown to be hypermethylated in cancers (19) . We also identified a cluster of nine sites located in the AHRR gene. The AHRR gene has been shown to contain differentially methylated CpG sites in many previous studies and the methylation level of one of the site (cg05575921) has been shown to be associated with the expression of the gene (14) . AHRR encodes the aryl hydrocarbon receptor repressor protein, which acts on the aryl hydrocarbon receptor (AHR) pathway in a negative feedback mechanism. The AHR pathway has been suggested to play an important role in the metabolism of benzopyrene and dioxin-like compounds and their conversion into various carcinogenic metabolites (8), emphasizing the importance of this pathway in carcinogenesis through diverse mechanisms. We also identified two differentially methylated sites in GFI1, which encodes a nuclear zinc finger protein that function as a transcriptional repressor. The nuclear zinc finger protein is not directly involved in the metabolic pathway of the smoking components. However it is involved in developmental processes such as hematopoesis and oncogenesis, more especially the protection of hematopeitic stem cells against stress-induced apoptosis (20) . In addition to investigating single DNA methylation sites, we performed enrichment analyses. One of the most enriched molecular functions was 'insulin receptor binding'. The differentially methylated genes in this GO included: PTPN11, GRB10, ENPP1, IGF1R, SHC1, IRS1, DOK2, SORBS1 and PIK3R1. This molecular function is of special interest since smoking (active and passive) has been suggested as a risk factor for type 2 diabetes (21, 22) . It is possible that smoking, mediated by DNA methylation changes, may alter gene expression of genes involved in insulin receptor binding, which can result in insulin resistance and subsequently increased risk of type 2 diabetes. This may be one of the underlying molecular mechanism by which smoking increase the risk of type 2 diabetes, but further studies are needed to establish this. Similarly, one of the most enriched biological processes was 'negative regulation of glucose import', which included partly overlapping differentially methylated genes: GRB10, TNF, ENPP1, PRKCA and GSK3A. This might be another link between smoking and diabetes, mediated by DNA methylation.
It is also known that there is impairment in wound healing and increase incidence of microbial infections by smoking (23), that smoking has dysfunctional effect on the immune system and that there is a significant loss of antibody respond and T cell proliferation in animals treated with nicotine (24) . Therefore, finding immune response-related biological functions such as 'positive regulation of interleukin-6-mediated signaling pathway', 'regulation of T-helper 2 cell differentiation' and 'positive regulation of interleukin-13 production' being enriched for differentially methylated genes is of special interest. Cigarette smoking is also known to have harmful effect on male fertility by negatively influencing sperm morphology, motility and concentration (25) . It has been shown that nicotine decreases testosterone levels in experimental rats, with high doses leading to a decrease in follicle stimulating hormone (FSH) and increase luteinizing hormone levels (26) . FSH acts on the seminiferous tubules to initiate and maintain spermatogenesis through the activation of the sertoli cells. This therefore implies that the decrease in FSH levels will mean decrease in the activation of the sertoli cells, leading to decrease in spermatogenesis. Finding 'Sertoli cell fate commitment' to be a significantly enriched GO term relates the fact that smoking is implicated in male infertility, through FSH that affects the sertoli cells fate.
In contrast to the large number of sites that were differentially methylated in smokers, no sites were differentially methylated in individuals using snuff. Cigarette smoke is known to comprise of over 5000 chemical components (27) with 98 hazardous smoke components (28) . There are over 450 ingredients (flavoring and additives) added to the cigarette tobacco (29) and the burnt effect of the tobacco during the smoking process changes the chemical composition of the tobacco in cigarette smoke compared with snuff. This difference in chemical compositions is the most likely explanation to the differential methylation seen due to cigarette smoking but not due to snuffing. It is known that smoke contains traces of arsenic, which agrees with a strong enrichment of genes, which are known to respond to arsenic-containing substance. Out of 15 genes within this process, 3 were among our top candidates for being differentially methylated in smokers, including CPOX (coproporphyrinogen oxidase), CDKN1A (cyclin-dependent kinase inhibitor 1a) and PTK2 (protein tyrosine kinase 2).
There are some possible limitations in our study. We have used genomic DNA from whole blood to perform genome-wide DNA methylation analysis. Whole blood contains an interindividual variability in the number of different kinds of DNAcontaining cells. It has been demonstrated (9, 14) that disparity in methylation can arise as a result of variability in cell composition when blood is used in DNA methylation analysis studies. However, this variability in DNA methylation due to cell composition is probably small and insignificant when compared with the differential methylation pattern that can be observed between smokers and non-smokers. This agrees with that we did not see a major difference in the results when adjusting for cell composition. DNA methylation may also differ in systemic samples such as blood compared with a target tissue sample. The components of cigarette smoking are first exposed to the lungs, which through the pulmonary alveoli gets into the blood and are then distributed by the blood to other body tissues. Therefore, the genomic DNA of peripheral blood components can serve as a useful surrogate to study the DNA methylation pattern in the Names in bold indicates the probes were differentially expressed among smokers after adjusting for multiple testing (Bonferroni adjustment).
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lungs and subsequently other tissues since there is a high chance of similar methylation dynamics between the genomic DNA of blood components and that of other tissues. However, it is important to consider that the use of a mixed population of white blood cells for DNA methylation analyses will result in decreased power to identify smoke (or snuff) associated differential methylation. The introduction of false positives could only be possible if smoking dramatically change the number of different cell types. Another limitation is the difference in sampling material and demographics between studies. The transcription data published by Charlesworth et al. (5) were produced from blood lymphocytes only, not a mixed population of white blood cells as the DNA methylation data sets. It is reasonable to believe that the overlap between genes with differential methylation and genes with differential expression in smokers would have been larger if the same cell types had been used. However, it is unlikely that the use of different sampling materials should introduce false positive results. Similarly, demographic differences between studied might have influenced the results. While the Zeilinger cohort and ours are of European descent with more similar lifestyle, the Charlesworth study cohort is of Mexican descent. Together with the fact that all studies differed in age and fraction of smokers, this might have lowered the overlap between studies. In agreement with most studies on gene expression, we have used FDR adjustment for multiple testing throughout the article. The fact that methylation status at nearby sites is not independent supports the idea of using FDR. However, compared with a more stringent Bonferroni adjustment, the number of false positive findings might be higher and the borderline significant sites should be interpreted with care.
In summary, this study showed that tobacco smoking, but not smokeless tobacco, is associated with a differential DNA methylation pattern. Even though most of our differentially methylated sites overlap with previous studies on DNA methylation, only a limited number of these genes were differentially expressed in lymphocytes due to smoking. By performing enrichment analyses, we pinpoint a number of molecular functions and biological processes that appear to be more prone to be differentially methylated in smokers. These results indicate that the association between smoking and pathologic effects, such as diabetes and cancer, and infertility might be mediated through DNA methylation.
MATERIALS AND METHODS

Study population
This study is part of the Northern Sweden population Health Study (NSPHS) that was initiated in 2006 to provide health survey of the population in the parishes of Karesuando and Soppero, county of Norrbotten and to study the medical consequences of lifestyle and genetics. Out of the 3000 inhabitants in this parish, 1069 participated in the study and met eligibility criteria in terms of age (.15 years). Blood samples collected from individuals were immediately frozen and stored at 2708C and genomic DNA for methylation analysis was extracted from the previously frozen peripheral blood l using the phenol:chloroform protocol. The NSPHS study was approved by the local ethics committee at the University of Uppsala (Regionala Etikprövningsnämnden, Uppsala, Dnr 2005:325) in compliance with the Declaration of Helsinki. All participants gave their written informed consent to the study including the examination of environmental and genetic causes of disease. In case the participant was not full age, a legal guardian signed additionally. The procedure that was used to obtain informed consent and the respective informed consent form has been recently discussed in the light of present ethical guidelines (30) . More detailed information about the NSPHS has been published previously (31) (32) (33) .
Determination of DNA methylation status and QC
Genomic DNA from 432 samples was bisulfite converted using the EZ-DNA methylation kit (ZYMO research) according to the manufacturer's recommendations. Genome-wide DNA methylation status of 476 366 CpG sites was assessed using the HumanMethylation450k BeadChip (Illumina, San Diego, USA) according to the standard protocol. The raw image data generated by the BeadArray Reader were analyzed using the Illumina GenomeStudio 2009, employing the recommended setting from Illumina and the HumanMethylation450_15017482_v.1.2.bpm manifest file provided by Illumina. Background extraction and normalization was performed using the -normalization_controls and -Subtract background options in GenomeStudio. The methylation level at each site was calculated as average beta values (b), in which b equals the intensity of methylated allele (M)/intensity of unmethylated allele (U) + intensity of methylated allele (M). The QC protocol used was in accordance with Illumina's recommendations (individual probe cell rate .0.98, marker detection P-value ≤ 0.01). Surrogate variable analyses (SVA), implemented in the R package sva (34) , were used to estimate eventual batch or plate effects. A total of eight control samples were included: two negative controls, two positive controls, two duplicated samples that originates from the same blood samples and two duplicated samples that come from the same individuals but blood samples that were taken with 3 years in between.
Estimation of cell fractions from the methylation data
To ensure that the results are not influenced by variation in cell fraction between samples, we estimated the fraction of CD8T-, CD4T-, NK-and B-cells, monocytes and granulocytes in the samples. This done using the R package minfi (35) that allows for estimating cell fractions in Illumina 450K methylation data from whole blood. This method is based on the methylation data published for flow-sorted cells (36) and algorithms derived from the study by Houseman et al. (37) .
Statistics analyses of DNA methylation data
Statistics analyses were performed using the stats package of R version 2.15.0 (38) . Since the NSPHS is a population-based study including related individuals, special care has been taken to avoid bias in the results. All statistic analyses will be performed using the R package GenABEL (39), which was developed to enable for statistic analyses of genetic data in related individuals. DNA samples have been genotyped using Illumina Infinium HumanHap300v2 of Illumina Omni Express SNP bead microarrays as described previously (40) . Pairwise kinship matrixes were calculated using the genotyped SNPs (N ¼ 180 212) Human Molecular Genetics, 2014, Vol. 23, No. 9 2295 that overlapped between the two microarrays using the ibs function implemented in GenABEL. This function computes a matrix of average IBS (identical by state) for a group of people. The kinship matrix was used to adjust for pedigree structure when analyzing the association between smoking and methylation using a maximum likelihood approach implemented in GenABEL. Each DNA methylation site was analyzed by fitting the b values for the site using a polygenic model with age, sex, exposure to smoke and exposure to snuff as covariates. The exposure to smoke and snuff was coded as a numerical value with 0 being no exposure, 1 being low exposure, 2 medium exposure and 3 high exposure. For smoking, low, medium and high exposure were defined as 1-4, 5-14 and .14 packages of cigarettes per day, respectively. For snuffing, low, medium and high exposure were defined as 1-2, 3-4 and .4 packages of snuff per day, respectively. No significant surrogate variables were identified, and therefore no plate/batch effects were included in the analyses. The FDR adjustment for multiple testing was used to pinpoint differentially methylated sites and estimated using the fdrtool function implemented in the fdrtool R library (41) .
Replication analysis
We used the data published by the Zeilinger et al. (7) for replicating our significant sites. That study also used the Illumina 450K BeadChip with an even larger sample size (N ¼ 1793) and genomic DNA from whole blood. This study cohort is of European descent and ranges in age from 32 to 84. The replication was done through a site-by-site comparison of all significant sites in our study to those from the data of the significant sites of current (N ¼ 262) versus never (N ¼ 749) smokers in the discovery panel of the Zeilinger et al. study.
Functional analyses of DNA methylation sites
Annotation of DNA methylation sites were provided by Illumina (www.illumina.com, HumanMethylation450_15017482_v.1.1. csv, accessed: 1 September 2012) as has been described previously (11) . The significant sites were imported, as custom tracks, into the UCSC genome browser (Human Feb. 2009 GRCh37/hg19 Assembly, data retrieved 10 May 2013). The location of the associated SNPs was compared with the location of (i) known human protein-coding and non-protein-coding genes taken from the NCBI RNA reference sequences collection (RefSeq genes-last updated 25 April 2012), (ii) regions where transcription factors bind to DNA as assayed by ChIP-seq (Transcription Factor ChIP-seq from ENCODE (USF-1)-last updated: 25 February 2012), and (iii) chromatin state segmentation for nine human cell types (42, 43) using the ENCODE Mar 2012 Freeze.
Enrichment analysis
Enrichment analysis was carried out using the GO enrichment analysis and visualization web-based bioinformatics tool Gorilla (http://cbl-gorilla.cs.technion.ac.il) (44) . The analyses in Gorilla were performed using a ranked list of genes. A total of 20 551 genes were represented by at least one DNA methylation sites. These genes were ranked according to the smallest P-value among the sites that mapped to that gene. This analysis will aid to identify GO terms (molecular functions or biological processes) that are significantly enriched for genes, which are differentially methylated in smokers.
Effect of smoking on gene expression
To understand the link between effect of smoking on DNA methylation and subsequently gene expression, we analyzed our data and tried to compare our results to the expression data published by Charlesworth et al. (5) . These data were produced as part of the San Antonio Family Heart Study (SAFHS) (45) where transcriptional profiling was carried out on the serum lymphocytes of 1240 Mexican American (297 smokers), with mean age of 39.3 years (standard deviation 16.7 years) (5). These analyses included 47 289 unique transcripts, of which 20 413 were detected to be expressed in lymphocytes. Normalized expression values along with information on sex and age were downloaded from the ArrayExpress website http://www.ebi.ac.uk/arrayexp ress/ (accession number E-TABM-305). We used FDR q-value , 0.05 as threshold for selecting DNA methylation sites to compare to the gene expression in smokers and nonsmokers from the SAFHA.
